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Summary
This study examines the thermal performance of a retrofit-compatible photovoltaic-thermal (PVT) heat recovery module that can be attached directly to commercially available photovoltaic modules. Unlike conventional integrated PVT systems, the proposed design separates the heat recovery unit from the PV module. The intention was not only to recover useful thermal energy from existing PV installations, but also to make the system easier to fabricate, install, and maintain.
To evaluate the concept, four prototype configurations were prepared and tested under outdoor steady-state conditions following ISO 9806-based procedures and the Korean PVT standard KS B 8297:2025. The experiments were designed to identify how PV module integration and rear-side insulation affect thermal performance. The best-performing prototype showed a peak thermal efficiency of 56.68% and an average thermal output of 163.6 W/m², meeting the Korean performance requirement for unglazed PVT modules. The results also made it clear that the quality of rear insulation and the thermal contact condition at the interface play an important role in overall heat recovery.
Overall, the study shows that a detachable retrofit-type heat recovery unit can offer a realistic route for converting conventional PV modules into PVT systems without relying on fully integrated manufacturing. This approach may be especially relevant for applications where existing PV assets are already available and additional thermal use is being considered as a way to improve total solar energy utilization. 
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Field of application for the findings: The findings of this study are relevant to the design and deployment of retrofit-compatible PVT systems for existing photovoltaic installations. They also provide experimental evidence that can support the development of modular PVT technologies with improved manufacturability, installation flexibility, and compliance with standardized thermal performance requirements.
Addressed audience: researchers, PVT manufacturers, system designers, testing and certification organizations
Introduction
PVT systems offer a practical way to improve the overall use of solar energy by producing electricity and heat from the same installation area. This is particularly relevant where available space is limited. In conventional PV modules, only part of the incoming solar radiation is converted into electricity, while a considerable portion remains as heat. That heat raises the operating temperature of the module and can reduce electrical performance. For this reason, recovering thermal energy from PV systems has long been regarded as a meaningful approach to increasing energy yield per unit area. 
At the same time, the wider use of PVT technology is still influenced by practical constraints. Many existing systems are based on integrated designs in which the PV module and thermal absorber are permanently combined. These configurations can provide good thermal performance, but they also tend to involve more complex manufacturing and less flexibility in maintenance or replacement. This issue becomes more important when retrofit applications are considered, because many PV systems are already in operation and may be upgraded more realistically through the addition of a thermal recovery function than through complete replacement. In addition, recent standardization efforts, including KS B 8297:2025 in Korea, have increased the need for performance verification under clearly defined test conditions.
In this context, the present study investigates an unglazed PVT module equipped with a detachable heat recovery unit designed for application to commercially available PV modules. The study does not focus only on collector design itself. It also considers whether a modular retrofit-oriented concept can provide acceptable thermal performance while remaining practical in terms of fabrication and field application. To examine this, prototype configurations were tested under outdoor steady-state conditions, with particular attention to the effects of module integration and rear-side insulation.
Experimental Method and Test Conditions
A detachable heat recovery unit was developed for mounting on the rear side of commercially available PV modules, rather than being integrated during PV manufacturing. The experiments focused on unglazed PVT configurations with different module and insulation conditions. This was important because the study was concerned not only with the collector concept itself, but also with how the concept would work in a realistic retrofit setting.
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Fig. 1: Concept and application of the detachable heat recovery unit for unglazed retrofit PVT modules.
Four prototype configurations were included in the outdoor tests. One consisted only of the heat recovery unit and was used as a reference for the basic heat collection behavior. Another was combined with a glass-to-backsheet BIPV module. The remaining two used a standard glass-to-backsheet PV module, with the rear insulation material changed between them. This arrangement made it possible to examine how module integration and insulation quality influenced the thermal response of the system.
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Fig. 2: Photographs of the four prototype configurations used for outdoor thermal performance testing: (A) standalone heat recovery unit, (B) glass-to-backsheet BIPV-coupled specimen, (C) glass-to-backsheet PV specimen with nitrile butadiene rubber foam insulation, and (D) glass-to-backsheet PV specimen with aerogel insulation.
Thermal performance was assessed under outdoor steady-state conditions following ISO 9806 procedures and the Korean PVT standard KS B 8297:2025. The tests were carried out at an accredited facility, and useful heat gain was determined over a range of inlet temperature conditions. Instantaneous thermal efficiency was calculated from the ratio of useful thermal output to incident solar irradiance on the collector area. The resulting efficiency curve was expressed in terms of reduced temperature difference so that the prototype configurations could be compared on the same basis.
Results and Discussion
Fig. 3 shows clear differences in thermal efficiency among the four prototype configurations. Prototype A, which consisted only of the standalone heat recovery unit, exhibited the highest peak thermal efficiency of 89.38%. This reflects the inherent heat collection capability of the unit itself. After coupling with a PV module, the efficiency decreased, but prototype B, the BIPV-coupled configuration, still achieved a peak thermal efficiency of 60.2% and an average thermal output of 159.3 W/m².
Prototype C, which used a standard glass-to-backsheet PV module with NBR foam insulation, showed lower performance, with a peak thermal efficiency of 50.3% and an average thermal output of 98.1 W/m². In prototype D, where the rear insulation was changed to aerogel, the peak thermal efficiency increased to 56.68% and the average thermal output reached 163.6 W/m². Since prototypes C and D shared the same PV platform, the difference is mainly attributable to the rear-side insulation condition.
Overall, the detachable heat recovery concept appears technically viable for retrofit PVT applications. The results also highlight the importance of rear-side insulation and thermal contact in determining useful heat recovery.
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Fig. 3: Thermal efficiency curves of the four prototype configurations, showing the influence of module integration and rear-side insulation on the thermal behavior of the unglazed PVT module.
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